. [1] [2] [3] [4] [5] [6] [7] Due to superb optoelectronic properties of MAPbX3, for instance narrow full width at half maximum (FWHM) around 20 nm, high photoluminescence quantum yield (PLQY) over 80 % in thin films and band gap tunability with halide anion exchange, their potential area of application is extended to light-emitters. [8] [9] [10] In light emitting diode (LED) application, forming small grains which confine exciton is proper to radiative recombination as a result of reduced diffusion length. 11 For this reason, recent researches about organometallic halide perovskite (OHP) LED applications are mainly focused on methods for reducing perovskite grain size. For instance, anti-solvent engineering with or without additive attributed to hindrance of large grain growth and solvent-vacuum drying induced fast solvent evaporation for small grain formation. 11, 12 Except size effect, OHP active layer with low defect density is indispensable condition for high performance LED fabrication. Unfortunately, moisture which is abundant in ambient air causes decomposition of OHP materials easily and produces sub-grain defects. Extremely high polarity of H2O molecule is the most relevant factor of solubility for the OHPs. Moisture strongly interacts with organometallic cations due to its high polarity and produces defect after MAPbX3 decomposition. 13 However, there were few reports that humid environment assisted conversion of precursors to OHPs and enhanced optoelectronic device performances. [14] [15] [16] The precedent research of LED application which employed simple exposure on the humid environment without precise treatment reported 6 times higher electroluminescence intensity compared to fabrication in N2 environment due to reduced defect density. 16 According to these works, taking advantage to humidity exposure as a polar solvent treatment seems to be a promising procedure with high potential.
In spite of these importance of humidity to optoelectronic applications of OHPs, there are only few reports exist. 17 Therefore, studies on various solvents with high polarity and vapour pressure which are applicable to OHP treatments is required. Herein, we report a novel reliable method to control the grain size of OHP films for optimizing light emission properties with the aid of polar solvent vapour annealing (SVA).
Result and Discussion
For OHP films fabricated by spin coating process, thermal annealing is often used as post treatment to evaporate remaining solvents and facilitate crystallization process. Therefore, the temperature and the rate of heating are of great importance. On the other hands, for OHP films fabricated by VASP, there are A
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The optoelectric applications, light emitters and photovoltaics, with organometallic halide perovskite materials have been decided by dynamics of charge carriers in grains on the polycrystalline thin film s. Especially, polar solvent vapour recrystallizes perovskites and changes their grain sizes. In this paper, various polar solvents were evaluated with density functional theory calculation. And a stociometric treatment with these solvents which enhanced photoluminescence intensity was established. The properties of solvents which caused dramatic photoluminescence enhancement and quantum confinement effect were discussed.
remaining PbBr2 and MABr that were not fully crystallized into MAPbBr3 perovskite film. Furthermore, not much of solvents is remained in asfabricated OHP films. To this end, direct thermal annealing right after VASP may not be an efficient manner to crystalize the films.
The basic concept of SVA treatment is to promote conversion of such remaining PbBr2 and MABr into MAPbBr3 perovskite layer and recrystallize already fabricated OHP films, thereby improve crystallinity and control the grain size simultaneously. During such treatment, both unreacted precursors and synthesized perovskites film undergo recrystallization process which is highly influenced by solvent polarity and vapour pressure. Therefore, the crystallinity and the grain size of OHP film are determined by adjusting both polarity and vapour pressure of the solvent. ), water (H2O), dimethylformamide (DMF), gamma-butylactone (GBL) and dimethylsulfoxide (DMSO). The detailed VASP process and the SVA treatment are described in Supplementary Information † with schematics. 18 As previously mentioned, the grain size of the OHP films are influenced by two important factors; solvent polarity and solvent vapour pressure. The values of solvent polarity and vapour pressure are listed in table 1. Among various solvents, ethanol shows the highest solvent polarity and vapour pressure while H2O shows the second highest. In general, higher solvent polarity enables better solubility of ionic compounds.
[ Therefore, PL intensity may increase for OHP films treated by solvent with higher polarity because of additional perovskite layer formed by crystallization of remaining precursors. In this regard, the strongest PL intensity is expected for ethanol and H2O compared to conventional solvent such as DMF, GBL and DMSO.
However, PbBr2 is known to be not soluble in alcohol. Therefore, despite its high polarity, ethanol cannot effectively PbBr2 and OHP films treated by H2O shows the strongest PL intensity. Meanwhile, the highest vapour pressure of ethanol still enables recrystallization of already fabricated MAPbBr3 films because OHP is soluble in alcohol. Higher vapour pressure implies faster solvent evaporation during recrystallization process and this results in smaller grain size. The normalized PL spectra are represented in Fig.  1 inset, and the peak position gradually moves to lower wavelength with increasing solvent vapour pressure. Small grains not only guarantee higher exciton binding energy but also cause quantum confinement effect, leading to widening of energy band gap, and thus blue shift in PL. 19, 20 Therefore, OHP film, treated by ethanol shows the most blue-shifted PL that is originated from the smallest grain.
Consequently, the strongest PL intensity was observed for MAPbBr3 film treated not by ethanol but by H2O due to both high solubility toward remaining precursors and vapour pressure. Furthermore, this recrystallization process is observed to be reversible which means that OHP films repeat alternating their phase from liquid-solid to nanocrystals under humid and dry condition respectively. Supplementary Information demonstrates this reversible recrystallization process very well. MAPbBr3 film is sealed in a petri dish with H2O droplets and put onto UV lamp to monitor the PL in real time. H2O droplets made petri dish be filled with water vapour and PL intensity was decreased because perovskite changed its phase to liquid-solid. When the water vapour is released by opening petri dish, the liquid-solid perovskite now recrystallizes and turns to solid nanocrystals showing strong PL intensity due to increased crystallinity with high exciton binding energy originated from small grain size.
To investigate further the reversible recrystallization process, the interaction distance between various solvents and methylammonium ion (CH3NH3 + ) is estimated by theoretical calculation based on density functional theory (DFT). The table with calculated values are attached on Fig. S2 of Supplementary Information † and all the theoretical calculations were performed by DMol3 program in the Materials Studio 4.4 package which is the quantum mechanical code. 21 Among various solvent H2O shows the shortest interaction distance, 1.18 Å .
We assume that longer interaction distances of other solvent allow better reversible recrystallization process due to reduced interaction strength between the solvents and CH3NH3 + ions.
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[ Fig. 2 ] Normalized XRD patterns of thin films (PbBr2, pristine perovskite, after SVA treatment, respectively).
The effect of SVA treatment was further confirmed by X-ray diffraction (XRD) (Fig. 2) . Typical XRD peak originated from (100) plane of MAPbBr3 perovskite appears at 15°. The intensity of this peak increased almost 6 times higher after SVA treatment with H2O. In addition, the peak at 12° originated from PbBr2 was significantly decreased after SVA. 23 This result verifies greatly improved crystallinity of MAPbBr3 perovskite and additional crystallization of remaining MABr and PbBr2. Fig. 3(a) shows the evolution of PL as a function of solvent vapour exposure time in MAPbBr3 film. As expected, in the beginning of SVA treatment, blue shift of PL peak and enhanced luminance was observed. In this stage, H2O might dissolved already fabricated perovskites and moved through pin-holes blending remaining precursors. Then the solvent vapour completed the reaction of remaining precursors, thereby produced additional perovskite layer which contributes to enhancement of PL intensity. Further exposure to the solvent after when the PL intensity reaches its maximum results in red shift of PL peak with decrease in PL intensity. This is due to the excess of solvent that turns perovskites again to liquid-solid phase. The deconvolution of PL spectrum during SVA treatment has shown two separated peaks at 480 nm (2.58 eV) and 510 nm (2.43 eV) (Fig. S2) .
[R15] The higher emission energy must be due to quantum confinement effect which can be described by following equation where EQCE (eV) is = 2.39 + 12 2 the energy gap of thin films taking account of quantum confinement effect and D (nm) is the mean grain size of the thin films. Then the wavelength of 480 nm and 510 nm correspond to grain size of 8 nm and 20 nm respectively which is confirmed by SEM image (Fig.  3(b-e) ). 20 Grains with micrometre-size ( Fig. 3(b) ) is responsible for PL at 530 nm while those with 20 nm (Fig. 3(c) ) is responsible for PL at 510 nm. In addition, as the solvent vapour first reached to the already fabricated perovskite grains, recrystallized grains with 20 nm-diameter are on the 8 nm-diameter grains. This result is not in consistent with previous report from other groups that H2O does not affect the band gap of OHP thin films.
17 Fig. 3(d) shows reduced pin-holes in thin film for prolonged exposure time with is equivalent to SVA II. After the longest SVA (SVA III) on this experiment, grains on Fig. 3 (e) exceeded 5 micrometres. This treatment need optimization for light emitting application in terms of trade-off between precursor conversion and exciton diffusion enhancement owing to recrystallized bigger grains.
Exposure time dependent time-resolved photoluminescence (TRPL) was also recorded for the MAPbBr3 films and four samples are prepared. The carrier lifetime (τ) was fitted by a bi-exponential function as expressed below.
11,24,25
The average carrier lifetimes were gradually increased until SVA II measurement and decreased at SVA III with a similar tendency to PL intensity. Usually, OHP materials are filled with high population of defects acting as non-radiative trap sites for carriers. Due to their relatively low exciton binding energy, excitons in 3D OHP are easily dissociated into charge carriers which in turn decays through trap sites. Therefore, in this case, only longer-lived excitons (τ1) can contribute to PL intensity. 24 Some groups reported excess Pb atom induces non-radiative recombination or quenching in OHP materials. 11, 23 Performed analyses were mainly focused on conversion of PbBr2 to OHPs and grain size control after SVA. In SVA I, reduced metallic Pb atoms suppressed nonradiative recombination compared to pristine OHP film. The improvement of the recombination lifetime agrees with reduced PbBr2 portion after SVA. From SVA I to SVA II, recrystallized OHP grains filled pin-hole and reduced grain boundaries which serve as non-radiative recombination. As non-radiative recombination is suppressed in SVA II, the longest exciton lifetime were observed. After the maximum luminance, excess vapour exposure resurrected sub-grain defects in SVA III and showed decreased radiative lifetime and portion, increased non-radiative portion. At last, enlarged OHP grain size increased non-radiative lifetime due to reduced possibility of encountering sub-grain defects.
[ 
Conclusion
In summary, we confirmed parameters of polar solvents to improve light emitting properties of organometallic halide perovskite polycrystalline thin films. Eventually, photoluminescence intensities of vapour treated films were significantly enhanced and the peak wavelengths were shifted to blue-colour region due to the formation of smaller grains by quantum confinement, from 530 nm to 480 nm.
Exploited solvent vapour treatment for light emitters (LEDs and LDs) by this research which already exists in photovoltaic application was involved in extracting information about the correlation between grain size and photo-physical properties induced by various polar solvents due to their solubility and vapour pressure. Further researches will be focused on SVA effects in various halide perovskite materials and improving performances of optoelectronic devices. Figure S1 . Interaction Distance between solvent molecules and methylammonium cation 
II. DFT Calculation for various solvents

